To determine the optimal cuff width for measuring toe blood pressure in patients with lower limb ischemia, this experimental prospective study examined 20 patients with symptoms of peripheral arterial disease referred for vascular examination or vascular surgery. Toe blood pressure was measured hydrostatically by the pole test using cuffs of different widths. Pole test reflects the true physiological blood pressure value and was the reference method. Blood pressures obtained using the cuffs were related to this value and to patients' toe circumference. With the 2.5-cm cuff, the patients had a mean pole test toe blood pressure of 28 mm Hg (range, 6-55 mm Hg). Compared with pole test results, the toe blood pressure was 15.6 mm Hg (95% confidence interval [CI], 8-23 mm Hg) higher when measured using the 2.0-cm cuff (P < .001) and 4.5 mm Hg (95% CI, 0-9 mm Hg) higher when measured using the 2.5-cm cuff (P = .07). Using the 1.5-cm and 3.0-cm cuffs, the differences were 27.0 mm Hg (95% CI, 13-43 mm Hg) and −2.0 mm Hg (95% CI, −11 to 8 mm Hg), respectively. The cuff width greatly affects the obtained toe blood pressure value, and larger cuffs correspond better to the hydrostatic pressure. For clinical use and as a reporting standard, we propose that toe blood pressure measurements should be made using a 2.5-cm-wide cuff.
Introduction
Diagnosis and evaluation of ischemia in peripheral arterial disease is often difficult. In patients with diabetes mellitus, for instance, differentiation between an ischemic etiology and a neuropathic etiology requires objective assessment methods. 1, 2 Distal blood pressure measurements are most universally used. At the ankle level, the media layer of the arterial wall causes stiff arteries and falsely high pressures in diabetic legs. 3 Toe blood pressure (TBP) measurements have become an alternative because small arteries are easier to compress. 4, 5 These also enable measurements closer to the ulcer. Accordingly, TBP is a part of the definition of critical leg ischemia in the TransAtlantic Inter-Society Consensus document for patients with diabetes mellitus. 6, 7 As for all methods, TBP is associated with measurement problems that need to be controlled for. Examples are skin temperature and the dependability of the blood flow detection method used. 8, 9 Another important factor is the cuff size. A great effect of cuff width on TBP values was recently observed in healthy subjects, 10 but we have been unable to find studies focusing on the optimal cuff size in the literature. Clinical studies in general use cuff widths ranging from 1.5 to 3.0 cm for TBP measurements but usually do not cite reasons for choosing a particular size.
The objectives of this study were to determine to what extent cuff width affects TBP measured in patients with peripheral arterial disease and to recommend a cuff width for routine use. As a gold standard, the hydrostatic pressure (pole test) was used. The advantage of this method is that the same blood flow detector can be used as that used during measurements with a cuff, but the method is unaffected by vessel wall compliance.
Methods Patients
Twenty patients were included, 13 at the Department of Clinical Physiology and 7 at the Department of Vascular Surgery. All patients referred for peripheral arterial disease were screened consecutively in the former, and successive patients were admitted to the ward for revascularization in the latter. A standard screening TBP was performed to identify patients in whom pole test results could be measured. The highest TBP measurable using this method is 60 mm Hg, 11 and patients with TBP less than this value who consented to participate in the study were included. Their characteristics are summarized in Table 1 . The local ethics committee approved the study.
Procedure
The patients were examined in supine position after a rest period. The heart level was measured using the height from the bed to half of the depth of the thorax at the insertion of the fourth rib. The circumferences of the hallux and the right upper arm were also registered. From this stage, the procedures differed slightly between the 2 study sites.
The feet of the 13 Department of Clinical Physiology patients were kept warm using a warming hood, and TBP examinations started when skin temperature was greater than 30°C. A laser Doppler transducer (Periflux System 5000; Perimed, Järfälla, Sweden) was attached to the toe pulp, and cuffs were wrapped around the proximal part of the toe. 12 Another cuff was applied around the right upper arm, and a continuous-wave ultrasound Doppler transducer was attached to the wrist to detect blood flow velocity in the radial artery. Simultaneous pressure measurements were performed, and values were registered using a pressure unit (Elektromedicin, Gothenburg, Sweden). Pressures were measured 3 times, each using toe cuff widths of 2.0 and 2.5 cm. In 5 patients, the cuff order was reversed. Cuffs were inflated to a pressure of 50 mm Hg above the systolic arm pressure and were then slowly deflated. The return of a distinct signal above the biological zero value during cuff deflation was recorded, and the pressure in the cuff at that time was defined as the cuff TBP. 13 Elevation of the leg until the laser Doppler signal reached biological zero and registration of the height when the signal returned during lowering determined the pole test TBP value. It was read on a scale that was standing on the bed. The procedure was repeated at least 3 times. An identical laser Doppler system and setup were used in the feet of the 7 Department of Vascular Surgery patients but with heating of the laser Doppler probe to 34°C before measurements. Brachial pressure indexes and TBP were measured separately, and 4 different cuff widths (1.5, 2.0, 2.5, and 3.0 cm) were used. After measuring using the narrowest cuff 3 times, the procedure was repeated using a cuff that was 5 mm wider. The measuring sequence was reversed in successive patients.
Statistical Analysis
Cuff pressures were corrected for height of the toe above the heart level, and pole test TBP values were converted to millimeters of mercury, assuming that the density of blood is 1.055 g/cm 3 and that of mercury is 13.54 g/cm 3 . Data are given as means, ranges, or 95% confidence intervals (CIs) of the difference between pole test and cuff values. Comparisons of 3 groups or more were performed using Kruskal-Wallis 1-way analysis of variance on ranks, and Wilcoxon signed rank test was used for paired comparisons. Correlation studies were performed using Spearman rank order correlation.
Results
The mean TBP value for all 20 subjects was 28 mm Hg (range, 6-55 mm Hg) using the 2.5-cm cuff ( Table 2) . Compared with pole test results, TBP was 66% higher (15.6 mm Hg [95% CI, 8-23 mm Hg]) using the 2.0-cm cuff (P < .001). This difference was consistent at the 2 hospital sites (P = .005 and P = .047). Toe blood pressure results using the 2.5 cm cuff were 18% higher (4.5 mm Hg [95% CI, 0-9 mm Hg]) than pole test values (P = .07).
In the 7 patients in whom additional cuffs were used, TBP values differed significantly among the 4 cuff sizes (P < .003). No difference was found between TBP measured using a 3.0-cm cuff and the pole test (−2.0 mm Hg [95% CI, −11 to 8 mm Hg]) (P = .67), but the values were 27.0 mm Hg (95% CI, 13-43 mm Hg) higher using the 1.5-cm cuff (P = .02).
No correlation was found between the patients' toe circumference and the difference in TBP values between cuff measurements and pole test for any of the cuff sizes. Using TBP or arm blood pressure indexes for the analysis did not affect the results.
Discussion
This study confirms that cuff width greatly affects TBP values in severely ischemic legs. The most important observation is the high overestimation of TBP that occurs if narrow cuffs are used. Another major finding is that 3.0-cm cuff values concur best with pole test results. These observations seem valid regardless of whether the patient has diabetes mellitus.
Intraarterial blood pressure values are regarded as the golden standard to which all other methods should be compared. Our use of the pole test as an alternative standard is based on results by Smith et al. 14 In that study, anklebrachial pressure indexes based on ankle pressures measured using the pole test were almost identical to the intraarterial pressures in the ankle arteries. It is unknown if these data are applicable in the toe, but previous findings support use of the pole test as a standard at the toe level. 10 A major problem with the pole test is that it can only be used for measuring low pressures. This is a consequence of the dependence on how high a leg can be elevated.
There are several anatomical and technical reasons why cuff width affects TBP values. First, frictional forces increase the pressure drop if a larger part of the artery is compressed (Poiseuille-Hagen formula). Second, because of a higher grade of dissipation of cuff pressure into the surrounding tissue, a narrow cuff has to be insufflated more than a larger cuff. Third, most of a narrow cuff is applied over the diaphysis. At this location, the artery is embedded in soft tissue more than at the epiphysis. Accordingly, the cuff size has to be carefully chosen relative to vessel anatomy, toe circumference, and toe length. In this study, TBP values did not correlate with patients' toe circumference. The narrow range of toe circumferences in our patient group may explain this.
From clinical and scientific perspectives, it is important to standardize cuff width for TBP measurements. Recommendations in textbooks are lacking or, if stated, are vague. 15 A cuff width of 40% of the arm circumference is recommended for arm measurements. 16 If this rule were applied to patients in this study, the largest cuff needed would be 4.6 cm wide. A cuff of this size would interfere with the flow detector and would be impossible to use. Although based on only 7 patients, our data suggest that TBP measured using a 3.0-cm cuff differs least from pole test values and may be the best choice. However, the 3.0-cm cuff occasionally disturbed the blood flow detector and may be too large for some patients. Because we found only a small difference between the 2.5-cm cuff measurements and the pole test values, our suggestion is that a 2.5-cm-wide cuff should be used as a standard for TBP measurements.
Conclusion
Cuff width greatly affects TBP values. In patients with peripheral arterial disease with severe ischemia with and without diabetes mellitus, measurements using 3.0-and 2.5-cm-wide cuffs give acceptable estimations of true blood pressure. Small cuffs should be avoided.
